----------2 -One of the major challenges in the processing of hydrogels based on poly(ethylene glycol) (PEG) is to create mechanically robust electrospun hydrogel scaffolds without chemical crosslinking post-processing. In this study, this was achieved by the introduction of physical crosslinks in the form of supramolecular hydrogen bonding ureido-pyrimidinone (UPy) moieties, resulting in chain-extended UPy-PEG polymers (CE-UPy-PEG) that could be electrospun from organic solvent. The resultant fibrous meshes were swollen in contact with water and formed mechanically stable, elastic hydrogels, while the fibrous morphology remained intact. Mixing up to 30 wt% gelatin with these CE-UPy-PEG polymers introduced bioactivity into these scaffolds, without affecting the mechanical properties. Manipulating the electrospinning parameters resulted in meshes with either small or large fiber diameters, i.e. 0.63±0.36 µm and 2.14±0.63 µm, respectively. In that order, these meshes provided support for renal epithelial monolayer formation or a niche for the culture of cardiac progenitor cells.
Introduction
For regenerative medicine and tissue engineering purposes a diversity of biomaterial hydrogels, ranging from natural to synthetic, have been described and studied, [1] [2] [3] [4] [5] [6] each with their specific advantages and limitations. Hydrogels of natural origin, such as collagen or its denatured form gelatin, hyaluronic acid, and matrigel, a widely applied commercial extracellular matrix (ECM) mimic, all provide biological environments that promote cellular survival and interaction with cells. 7 However, the variable composition of these materials, and their complex and not-well understood interactions with cells, challenge controlled application. In addition, origin-related safety concerns put constraints on their use in the medical field. 8 On top of that, the possibility to tune the mechanical or topological properties of these molecularly pre-defined hydrogels is limited. Inert synthetic hydrogels, on the other hand, allow adjustable composition and hence predictable and tunable properties. However, synthetic materials lack bioactive cues for engagement of specific interaction with cells. To bridge the gap between natural and synthetic hydrogels, researchers have simply mixed hydrogel components of natural and synthetic origin to achieve hybrid hydrogels with synergistic effects. [9] [10] [11] To enable the formation of structurally defined, freestanding meshes, the hydrogel system must allow processing and acquire mechanically robust properties. Electrospinning is an attractive processing technique for the formation of fibrous meshes. By controlling fiber diameter, the pore size can be tuned. This allows the formation of scaffolds either distinctly suitable to function as 2D support, or 3D scaffolds that allow cell infiltration. Electrospinning of natural, 12,13 synthetic [14] [15] [16] [17] and hybrid 18 hydrogelators has been performed extensively.
However, all these biomaterials require chemical cross-linking post-electrospinning to prevent complete dissolution or fast degradation of the nano-to-micro fibrous structures in aqueous environments and/or to improve poor mechanical properties. A hydrogel material that forms strong physical cross-links could circumvent the need of chemical cross-linking, while retaining the opportunity for processing.
Here we demonstrate the use of a supramolecular hydrogelator based on poly(ethylene glycol) (PEG) with multiple ureido-pyrimidinone (UPy)-moieties in the backbone, 19 electrospun into mechanically strong, microfibrous meshes ( Figure 1A ). While this chain-extended UPy-PEG (CE-UPy-PEG) has a nearly identical chemical composition compared to its telechelic analogues, it exhibits completely different, exceptional mechanical properties. [20] [21] [22] [23] In the dry state, this supramolecular polymer forms a tough material with shape memory properties, whereas in the hydrated state a strong and highly elastic hydrogel is formed. 19 In the equilibrium hydrated state, the bulk hydrogel (with 10 kg · mol -1 PEG-block) contains ~85 wt% water. This hydrogel material showed nearly perfect strength recovery even at large deformation (> 300%).
and the ability to form physical cross-links substantially enhanced the strength, ductility, and stability of this material in water. Importantly, no chemical cross-linking is needed to achieve these remarkable material properties while at the same time the physical cross-links, formed by hydrogen-bonding between UPy-dimers, are reversible by nature. As such, these links can be dissociated and reformed as desired in a controlled fashion, offering attractive processing opportunities.
Based on these properties, CE-UPy-PEG was hypothesized to be well-suited as hydrogel scaffold material for tissue engineering applications. To induce a cell adhesive character to the bio-inert CE-UPy-PEG, mixing with a bioactive natural hydrogel component was performed. For this purpose gelatin was chosen, due to its compatibility with electrospinning processes. [24] [25] [26] By incorporation of gelatin in the electrospinning process, we demonstrate the use of this hydrogel scaffold to support the formation of renal monolayers and as a cardiac progenitor cell niche.
Experimental Section

Materials
Chain-extended ureido-pyrimidinone functionalized poly(ethylene glycol) (CE-UPy-PEG) with M n,PEG = 10 kg mol -1 was synthesized as previously described. 19 As a consequence of the high polydispersity index (PDI >3) the number of repeats, or UPy-functionalities, per macromolecular monomer was estimated to be around 50 repeats on average based on average molecular weight determined by GPC. Gelatin type A, derived from porcine skin with ~300 g Bloom gel strength, and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were purchased from Sigma Aldrich. 
Electrospun meshes
Environmental scanning electron microscopy (ESEM)
Environmental scanning electron microscopy (ESEM) imaging was performed by using FEI Quanta 600F and Xt Microscope Control software. Samples were prepared by placing small pieces of each mesh on double-sided sticky carbon tape on a metal stub. The uncoated samples were visualized under low vacuum (~0.5 mbar) with an accelerating voltage of [15] [16] [17] [18] [19] [20] kV and a working distance of 6.9-8.2 mm. Images were recorded up to 10,000 times magnification. In low vacuum, both backscattering electrons and secondary electrons were detected. Electrospun meshes with thick fibers were imaged using ESEM at high vacuum, with a voltage of 1 kV, working distance of 10 mm and spot size of 3.0 mm. Fiber diameters were determined from multiple high magnification images using ImageJ software and expressed as average ± standard deviation.
Fluorescence microscopy visualisation of gelatin distribution
Prewet CE-UPy-PEG hydrogel samples on glass, both drop-cast films and electrospun meshes with varying gelatin content, were incubated overnight at 37 °C with a solution of
CNA35mTurquoise2 in PBS at a concentration of 1 µM. 27 Samples were washed once with PBS before imaging with fluorescence microscopy (Zeiss Axio Observer D1) with λ ex = 426-446 nm and λ em = 460-500 nm.
Biaxial mechanical testing of electrospun meshes
The mechanical performances of CE-UPy-PEG electrospun meshes, both with and without gelatin, were measured. Square samples of approximately 8 x 8 mm were cut from the meshes. The samples were weighed before and after hydration to gain insight into the swelling behavior and the thickness was determined using a digital microscope (Keyence, VHX-500F). The hydrated sample was mounted in a biaxial tensile testing device equipped with 1.5 N load cells (CellScale), as illustrated in Figure S1 . Four rakes (BioRake Delicate, 0.7 mm, 30 mm, CellScale) each consisting of five metal hooks with a diameter of 250 µm, were attached to the dry sample, leading to a 3500 x 3500 µm square testing area. The sample was emerged in a water bath, which was maintained at 37 °C, during the straining protocol.
For determination of elastic moduli and confirmation of isotropic behavior of the meshes with randomly oriented fibers, the meshes were cyclically loaded with three repeats of uniaxial stretch in both x and y direction, and three repeats of equibiaxial stretch. Stretch was applied at a rate of 2% s -1 and each final stretch was applied for 2 s. Between cycles, the sample was not loaded for 5 s to allow the fibers to relax and return to their initial configuration. The applied stretch was increased after each set of cycles starting at 10% up to 50% with increments of 10%. During the whole protocol, images were taken with a camera at a frequency of 1 Hz, while numerical data, i.e global stretch, or displacement in µm and force in mN, was generated at a frequency of 30 Hz. The images were used as reference for visual control of sample integrity. Data was converted with Matlab (Mathworks) to calculate stresses and matched with the applied strains. In these calculations, the surface was determined by multiplying the thickness of the hydrated sample with 3500 μm, thereby assuming a uniform solid material. As the signal to noise ratio for the measured forces was low, the average stress was determined per second from the redundant data acquisition frequency. In determining the moduli via Hook's law, linear-elastic behavior of the materials was assumed. Per sample the elastic modulus was determined for both x-and y-direction via a linear fit through the corresponding part of the uniaxial stress-strain curve derived from a 20 or 30% stretch cyclus, upon which the average was used in determining the modulus per material.
Renal epithelial cell culture
Human Kidney-2 (HK-2) cells, an immortalized proximal tubule epithelial cell line, 28 seeded and cultured at 37° C and 5 % CO 2 . The low density cell cultures were sacrificed after 1 day and actin, vincullin and cell nuclei were stained. High cell density cultures were sacrificed after 3 days and zona occludens-1 (ZO-1) and cell nuclei were stained (See Supporting Information).
Cardiomyocyte progenitor cell culture
Cardiomyocyte progenitor cells (CMPC), immortalized via a lentiviral transduction, 29 were routinely cultured in polystyrene culture flasks pre-coated with 0.1 wt/v% gelatin (Sigma) in PBS. CMPC were cultured in SP++ growth medium (GM) consisting of M199
(Gibco)/EGM2 medium (3:1) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin (Lonza DE17-602E) and 1% non-essential amino acids (Gibco).
CMPC were passaged when they were 80-90% confluent. Electrospun meshes with large fiber diameter were cut in circular samples with a diameter of 12 mm and sterilized via UVirradiation (GE, NPP 130 LPF 30W G13) for 1 hour on each side at a distance of 10-20 cm, inside a lamellar airflow cabinet. Meshes were then fixed in dry state in minusheet tissue carriers with an outer diameter of 13 mm (Minucells and Minutissue vertriebs gmbh). CMPC were seeded into the scaffold (250 x 10 3 or 1000 x 10 3 cells per mesh) by centrifugal force according to a previously described method. 30 Cultures were analyzed at day 1 and day 9 with Live/Dead staining or sacrificed after 1 day for immunofluorescent staining of cardiacspecific ECM components (See Supporting Information).
Results and Discussion
Electrospun CE-UPy-PEG meshes
Electrospinning of the CE-UPy-PEG polymer resulted in the formation of randomly oriented fibers with diameters typically of 0.68±0.23 µm in the dry state ( Figure 1B and C, state I ).
Upon contact with water, the white, opaque meshes hydrated and formed semi-transparent hydrogel scaffolds ( Figure 1B , state II). The meshes could take up over 12 times their dry weight in water (~93 wt%). This was much more compared to the bulk CE-UPy-PEG material, which was determined to take up ~5.7 times its dry weight in water (~85 wt%) in equilibrated hydrated state. 19 This difference is attributed to the porous structure of the mesh.
Upon hydration, the fibers swell, but also the empty spaces between them become completely filled with water as a result of capillary force. In contrast to bulk material, which swells proportionally equal in all directions, the meshes appeared to swell primarily in the height and less in the planar direction of the electrospun mesh ( Figure 1B , state I and II). For individual fibers collected on a glass substrate it could be clearly observed how contact with water increased both fiber diameter and length upon hydration. Due to the high ratio between both dimensions, the proportional swelling resulted in buckling of the fibers between contact points to CE-UPy-PEG did not induce significant changes to the electrospinning process. In literature, increase in gelatin content has been described to reduce fiber diameters upon electrospinning by the same conditions for mixtures with various synthetic polymers, e.g. polycaprolactone (PCL), 32, 33 poly(L-lactide-co-ε-caprolactone) (PLCL), 34 poly(lactic-coglycolic acid) (PLGA) 35 and polyglycolic acid (PGA). 36 However, up to 30 wt% gelatin could be added to CE-UPy-PEG while maintaining similar mesh morphology and swelling behaviour.
Mechanical testing
Elasticity and durability of a hydrogel scaffold is of high importance in for example cardiovascular tissue engineering applications, which involve mechanical loading under cyclic loading. The mechanical properties of electrospun scaffolds are highly dependent on the processing parameters. Next to polymeric composition, also fiber diameter and orientation are major factors that determine the elastic modulus of electrospun meshes. 32 To gain understanding of the mechanical properties of electrospun CE-UPy-PEG, hydrated meshes were subjected to biaxial tensile tests ( Figure S1 ). The effect of gelatin was determined by comparison of meshes of CE-UPy-PEG with 0, 20 and 30 wt% gelatin (Figure 2A) . As expected, the random orientation of the fibers in these meshes, resulted in isotropic elastic behavior in X and Y direction ( Figure S2 ). Furthermore, stress-strain curves of meshes which were stretched and relaxed in the x-direction showed overlap, which indicates minimal plastic deformation within the applied range of strains ( Figure 2B ). Elastic moduli were determined for pure CE-UPy-PEG meshes, and hybridized meshes with 20 and 30 % gelatin (Table 1) .
Initial measurements did not reveal an influence of the addition of gelatin on the mechanical properties of the meshes. All hydrogel meshes exhibited strain-to-failure of at least 40%. At higher deformations, the material started to tear at the points where the mesh was punctured with thin metal pins for attachment to the biaxial tensile testing device. When strains were further increased, eventually total rupture always occurred along a row of these pins. At these points in the material, locally higher stresses occur. Therefore, the currently derived elastic moduli are probably underestimates as these were derived from global stress-strain curves.
However the strain-to-failure could be considered representative for applications that require for example suturing of the hydrogel meshes. These results indicate that CE-UPy-PEG based hydrogel meshes could potentially be applied in tissue engineering applications that involve mechanical straining up to 30-40%.
Renal epithelial cell adhesion and monolayer formation
Renal epithelial cells did not adhere to drop-cast films solely consisting of CE-UPy-PEG owing to the anti-fouling nature of PEG. The addition of gelatin to CE-UPy-PEG in the dropcast process only resulted in minor improvement of cell adhesion, which is proposed to occur due to inhomogeneous mixing of gelatin into the CE-UPy-PEG ( Figure S3-5) . However, when a mixed solution of CE-UPy-PEG and gelatin was processed by electrospinning, gelatin was homogeneously distributed throughout each mesh ( Figure 3A) . Cells were first seeded in sub-confluent densities on these meshes to enable focus on cell-biomaterial interactions rather than cell-cell interactions. Cell adhesion was improved upon introduction of gelatin in the electrospun mesh. Interestingly, formation of focal adhesions by attached renal epithelial cells was identified via vinculin rich spots 1 day after cell seeding ( Figure S6 ). The formation of focal adhesions provides evidence for the interaction between cells and the hybrid mesh. This thus confirmed the presence of the gelatin at the fibers surface and successful incorporation of bioactivity through the use of gelatin in combination with electrospinning.
In order to create a tissue engineered renal cell monolayer, which can possibly be translated towards an artificial kidney application, 37 higher densities of renal epithelial cells were used.
The adhered cells were allowed to mature for 3 days prior to evaluation of their morphology by fluorescence microscopy ( Figure 3B ). The presence of 10 wt% gelatin in the CE-UPy-PEG mesh allowed some renal epithelial cells to adhere and grow in a patchy conformation. In The viability of CMPC after 1 day of seeding was 97.5±0.5 % and after 9 days, cell viability slightly decreased to 93.2±2.2 % ( Figure S8 ). This is due to the thin electrospun meshes (300 µm in dry state), which allows for sufficient oxygen and nutrient to the cells. In addition, the deposition of cardiac-specific ECM proteins by CMPC was determined by immunofluorescent staining for collagen I, III, IV and fibronectin ( Figure 4B ). After 1 day of culturing inside the hydrogel mesh, CMPC produced limited amounts of cytoplasmic collagen I and IV. Co-staining of collagen III and membrane marker integrin β1 revealed the presence of collagen III in the extracellular space. Furthermore, high amounts of fibronectin were produced after 1 day. This fibronectin formed a fibrous structure at the attachment points with the scaffold. One of the hurdles of hybrid hydrogels composed of a synthetic and natural component is that the biological ECM component often degrades more rapid than its replacement which is secreted by cells. Therefore, the deposition of ECM proteins by CMPC shown here, is proposed to provide a promising start for successful long-term outcome.
Conclusions
These results show that hybrid hydrogel meshes based on CE-UPy-PEG can function as a robust free-standing scaffold and support the formation of a renal cell monolayer and act as a cardiac niche by simply tuning the fiber diameter. CE-UPy-PEG was successfully processed by electrospinning into relevant fibrous morphologies, which are stable under physiological conditions without the need of chemical cross-linking. The combination with gelatin demonstrates the possibility to make hybrid scaffolds with natural bioactive proteins, while synthetic UPy-peptide based approaches towards more specific and controlled bioactivation might be explored in the future. 38, 39 The elastic behaviour of the hydrogel scaffolds and durability under cyclic loading widens the scope of possible tissue engineering applications. b Elastic moduli were determined as the slope of the linear range of stress-strain curves. 
